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Abstract

As with many other sensitive species in California, the range of Lasthenia glabrata Lindley subsp.

coulteri (A. Gray) Ornd. (Asteraceae; Coulter's goldfiields) has been dramatically reduced in recent de-

cades by urbanization. Many populations are small, isolated, and seemingly unstable. In this study, we
conducted an autecological assessment of a small L. glabrata subsp. coulteri population at San Diego
County's San Dieguito Lagoon, using a large population at San Elijo Lagoon for comparison. The large

population was not only more stable based on trends in seed production, but generally produced larger

plants and more flowers and capitulescences than the small population. However, this relationship appears

to be temporally variable and influenced significantly by climatic conditions, particularly rainfall totals

and distribution. In a year with above-average rainfall, vegetative and reproductive yield of plants in the

small population (San Dieguito Lagoon) matched or even exceeded that of plants in the large one (San

Elijo Lagoon), which was subjected to prolonged inundation following heavy rains and a back-up of run-

off and creek flows behind a dike system. Rainfall is linked not only to soil moisture, but to nutrient

influx and cycling, variables that were strongly associated with group (marsh/monitoring year) separation

and prediction in statistical analyses. When resources are sufficient, reproductive yield appears to be
driven by other factors, the most probable of which is pollen supply. The relationship between rainfall

and plant yield could prove integral to predicting long-term viability of L. glabrata subsp. coulteri pop-

ulations, as above-average rainfall years are often sporadic and interspersed between lengthy periods of

average or below-average rainfall in southern California. Conservation and enhancement of the remaining

coastal salt marsh L. glabrata subsp. coulteri populations could perhaps be furthered by factoring this

relationship into conservation and restoration projects and hydrologic regimes designed for managed
wetland systems.

Small populations of rare plant species face

many genetic, demographic, and ecological chal-

lenges. Small populations can suffer from reduced

"fitness," often undergoing one or more genetic

bottleneck events that reduce genetic variation

(Nei et al. 1975; Hamrick et al. 1979; Hedrick

1983; Ledig 1986; Barrett and Kohn 1991 and oth-

ers). Fewer numbers also create a greater chance

for normally outbreeding species to inbreed and
become less fit through concentration of deleteri-

ous alleles (Charles worth and Charles worth 1987

and others). Opportunities for gene flow between
populations —and the potential for infusion of new
alleles —may be minimal due to the dwindling

number of populations and the distance between
them. Small plant populations are intrinsically less

appealing to pollinators (Powell and Powell 1987;

Morgan 1999), which can further reduce fecundity

and the potential for even limited outbreeding be-

tween more distant individuals. Reduced genetic

variation can also increase small populations' sus-

ceptibility to herbivory, pathogens, and stochastic

factors such as floods and environmental and de-

mographic variability (Shaffer 1981). In addition,

population viability can be continually jeopardized

by human-related disturbances or changes in wa-

tershed or ecosystem conditions —sometimes the

very changes believed to have made the species

rare in the place. Even efforts to better manage,

enhance, or restore systems in which rare plants

occur can pose a threat if these activities do not

balance their ecological requirements with those

of other target plant and wildlife species and the

ecosystem as a whole.

Determining whether small populations are suc-

cumbing to these challenges is not an easy task.

Annual censuses are not only difficult, but often

misleading unless conducted over several decades

due to cryptic life history stages (i.e., seed banks)

and normal fluctuations in population size that may
have little impact on population stability or viability

(Davy and Jefferies 1981; Schemske et al. 1994;

Pavlik 1994 and others). A life table or population

viability analysis (PVA) is often considered the op-

timal approach for assessing population stability

(Schemske et al. 1994; Pavlik 1994; Menges 1986).

However, the probability of a long-lived seed bank

immeasurably complicates performance of a life ta-

ble or PVA for plant species (Pavlik 1994), despite

arguments that there are ways to circumvent cal-

culation of this unknown (Menges 1986). Some al-

ternative approaches to assessing population stabil-
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ity involve performance of non-integrated demo-

graphic trend assessment, which focuses on overall

i
trajectories in survivorship, seed production, den-

sity of viable seed, and frequency of establishment

' (Pavlik 1994). Morphological attributes associated

with productivity or yield such as plant size/bio-

I mass and flower number may be incorporated, as

well (Menges 1986; Menges and Gordon 1996).

These analyses are often improved through using

either weedy congeners or large, more stable pop-

ulations of the same species for comparison (Pavlik

1994).

i

Consistent with the major role that extrinsic dis-

\ turbances or changes can play in population viabil-

I ity, many studies on rare species include an eco-

,
logical, as well as demographic, component
(Schemske et al. 1994). Some have criticized re-

searchers for emphasizing autecology over demog-
raphy in sensitive plant research, characterizing

ecological research as premature in the absence of

demographic information relevant to population vi-

tal rates (Schemske et al. 1994). However, manag-

ers of reserves and enhancement/restoration pro-

jects often seek ecological information that might

help them better manage reserves or design projects

(Pavlik 1994). Moreover, ecological data can great-

ly complement demographic assessments, particu-

larly when the information is integrated to allow

for identification of ecological constraints on key

life history stages and variables associated with

productivity (e.g., plant size, flower number)
(Schemske et al. 1994; Pavlik 1994; Menges and

Gordon 1986).

San Dieguito Lagoon in San Diego County sup-

ports a small population of a rare plant, Lasthenia

glabrata Lindley subsp. coulteri (A. Gray) Ornd.

(Asteraceae: Coulter's goldfields). For a sensitive

species, L. glabrata subsp. coulteri has a remark-

ably diverse distribution. This annual is found in

alkali playas in southern California's arid inland ar-

eas and salt marshes and vernal pools in the re-

gion's more moderate coastal areas (NDDB 1998;

Skinner and Pavlik 1994; Hickman 1993).

This diverse distribution has not spared the spe-

cies from the threat of extirpation, however. All of

these habitats have been negatively impacted to

some extent by California's extensive urbanization

over the past 50 y (Skinner and Pavlik 1994). More
than 90 percent of California's wetland habitats, in-

cluding marshes, vernal pools, and alkali playas,

have been destroyed by commercial and residential

development, and despite regulatory efforts at ef-

fecting a "no net loss" policy, this downward trend

in wetland habitat acreage appears to be continuing.

The wetland habitats that remain are often frag-

mented, highly disturbed, and heavily impacted by
outside influences such as nutrient and contaminant
influx associated with watershed development. The
toll these habitat losses and impacts has taken is

apparent from the constriction of the species' his-

toric range. In recent decades, its once extensive

distribution throughout southern California has

been reduced to a few marshes and vernal pools in

San Diego, Ventura, and Santa Barbara counties

and alkali playas in Riverside County (NDDB
1998).

This precipitous decline in distribution prompted

listing of L. glabrata subsp. coulteri as a species of

concern (formerly C2) by the U.S. Fish and Wild-

life Service and a species of limited distribution

(List IB) by the California Native Plant Society

(CNPS). While its cousin, Lasthenia glabrata Lind-

ley subsp. glabrata, is relatively common and has

even a larger range than subsp. coulteri, other Las-

thenia species that occur in vernal pool habitats

such as Lasthenia burkei (E. Greene) E. Greene

(Burke's goldfields) and Lasthenia conjugens E.

Greene (Contra Costa goldfields) are faced with

similar threats in terms of potential extirpation

(Skinner and Pavlik 1994). Within its historic coast-

al range, L. glabrata subsp. coulteri often grows in

high elevation areas of salt marshes —or the "high

marsh" —alongside another sensitive species, Cor-

dylanthus maritimus Benth. subsp. maritimus (salt

marsh bird's beak), a state- and federally listed en-

dangered species.

San Dieguito Lagoon is one of six San Diego

County coastal marsh systems that supports histor-

ical and/or possibly reintroduced populations of L.

glabrata subsp. coulteri. The species was once

present at 10 San Diego County marshes (NDDB
1998), but probably in low abundance, as an early

ecological study characterized it as only an "infre-

quent" inhabitant (Purer 1942). Of the six remain-

ing occurrences, three are believed to be small and

relatively unstable populations, including the one at

San Dieguito Lagoon. Over the past few decades,

L. glabrata subsp. coulteri numbers at San Dieguito

Lagoon have ranged from as low as zero in 1980

(Sea Science Services and Pacific Southwest Bio-

logical Services, Inc. 1980) and six in 2000 (An-

drea Thorpe personal communication) to as high as

1000 individuals during the mid- and late- 1990s

(MFC Analytical, Inc. 1993; L. Parsons and A.

Whelchel, personal observation). Neighboring

marshes such as San Elijo Lagoon, as well as re-

portedly Los Penasquistos Lagoon, support annual

populations consistently numbering as many as

5000 to 10,000 individuals (L. Parsons and A.

Whelchel personal observation).

San Dieguito Lagoon is also one of seven coastal

marshes in San Diego County, CA, for which res-

toration and/or enhancement activities have been or

are being conducted or are proposed. As with other

San Diego County marshes, this coastal lagoon has

been subject to a number of historic watershed

changes and disturbances, including damming of its

river, agricultural and residential development, dik-

ing, and intermittent mouth closures that impound
water and create hypoxic conditions. With restora-
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tion and enhancement plans for San Dieguito La-

goon currently being developed, there appeared to

be a strong and immediate need for information on
demographic and ecological aspects of this small

and possibly unstable population and its potential

for conservation and even future enhancement. Few
studies have actually assessed demography or aut-

ecological relationships of this or other Lasthenia

species. The research that exists deals primarily

with upland species {Lasthenia califoniica Lindley;

Rajakaruna and Bohm 1999; Vivrette 1999) or fo-

cuses on salinity tolerance (L. glabrata subsp. coul-

teri; Kingsbury et al. 1976; Callaway et al. 1990;

Callaway and Sabraw 1994).

In 1996, a study was implemented to assess de-

mographic and ecological characteristics of the L.

glabrata subsp. coiilteri population at San Dieguito

Lagoon. For purposes of performing a comparative

assessment, we broadened the scope of our study

to include another L. glabrata subsp. coiilteri pop-

ulation that appeared to be larger and more stable

in terms of plant numbers, the population at San
Elijo Lagoon, located directly north of San Diegui-

to Lagoon. Through this study, we hoped to gain

insight into differences in survivorship, reproduc-

tive potential (plant size, flower number) and suc-

cess (seed set and seed production) between pop-

ulations. When possible, we also attempted to track

trends in demographic results for purposes of as-

sessing population stability. By comparing autecol-

ogy of a small and unstable population with that of

a large and stable one, we hoped to increase our

understanding of the biotic and abiotic factors that

might be influencing variations in plant yield and

population viability. We believe that this informa-

tion could prove invaluable to resource managers
charged with planning or implementing complex
restoration or conservation projects, particularly

projects with multiple species and ecosystem ob-

jectives.

Study area. San Dieguito Lagoon is located in

Del Mar, CA, approximately 25 km north of San
Diego (Fig. 1). The lagoon's principal source of

freshwater is the San Dieguito River, which has

been dammed to create Lake Hodges, a reservoir

in the inland area of the San Diego County. Water-

shed of the lagoon totals 897 km% 785.2 km- of

which is behind dams (California Wetlands Infor-

mation System 1996). During the summer and fall,

the lagoon mouth sometimes closes for several

weeks to a month until it re-opens either naturally

or manually (i.e., using bulldozers). Vegetation

communities occurring within the lagoon include

salt and brackish marshes and, at its eastern end,

freshwater marsh and limited riparian habitats. Ap-
proximately 104 of the 240 hectares of wetlands

once present at San Dieguito Lagoon still remain

(California Wetlands Information System 1996). In

addition to damming, the watershed of the lagoon

has been altered considerably by development of

Fig. 1. Location of Lasthenia glabrata subsp. coulteri

(Coulter's goldfields) study areas in San Diego County,

CA.

the adjacent floodplain and uplands for agriculture,

commercial and residential structures, and a race-

track/fairgrounds. The population of L. glabrata

subsp. coulteri at this lagoon is located in a muted
tidal basin in the southern portion of the lagoon,

approximately 2 km from the mouth.

San Elijo Lagoon is located in the Cardiff, CA,
approximately 27.5 km north of San Diego and di-

rectly north of San Dieguito Lagoon (Fig. 1). Sev-

eral creeks flow into the lagoon, one of which is

dammedby Lake Wohlford (Escondido Creek). The
watershed for San Elijo Lagoon is 200.2 km- (Cal-

ifornia Wetlands Information System 1996). The
mouth of San Elijo Lagoon also closes during the

summer and fall, typically with more frequency and

longer duration than San Dieguito Lagoon. Current

wetland acreage at San Elijo Lagoon totals 230.4

ha and is comprised of salt marsh, brackish marsh,

freshwater marsh, and riparian habitat (California

Wetlands Information System 1996). The water-

shed of this lagoon has been altered considerably

by development of the adjacent floodplain and up-

lands for farming and commercial and residential

structures. The lagoon has also been separated into

a series of hydrologic "cells" by construction of

a series of dikes and levees between 1880 and

1940. By closing flood gates at one of the eastern

dikes, the area east of Interstate 5 is partially

flooded from November through March for water-

fowl enhancement (Susan Welker personal com-
munication). The population of L. glabrata subsp.



2000] PARSONSANDWHELCHEL:CLIMATIC VARIABILITY ANDRAREPLANT 177

Table 1 . Mean Annual Temperature and Rainfall and Number of Days that Lagoon Mouth was Open During

THE Study Period (1996-1999).

San Diego NWS-Lindbergh (NOAA; CDWR) San Dieguito Lagoon San Elijo Lagoon

Temperature Departure No. of days

(Jan-Dec) Departure Rainfall from mean No. of days mouth

Year mean from mean (Oct-April) (% of mean mouth open* open**

end (deg.C) (% of mean) total (cm) total) (Nov-Oct) %of year (Nov-Oct) %of year

1996 17.8 99.4 12.85 53.4 351 96 80 22

1997 18 100.5 17.48 72.7 358 98 153 42

1998 18.5 103.4 42.75 177.8 338 92 238 65

1999 15.6 87.2 16.2 67.4 2 ]
9*** 60 240 66

NOAA= National Oceanic Atmospheric Administration Center, National Climatic Data Center

CDWR= California Department of Water Resources, California Data Exchange Center, CIMIS
* = H. Elwany, unpublished data; San Diego County Department of Environmental Health
** = San Diego County Parks Department, unpublished data
*** = All closure events occurred after April 1999 and plant senescence

coulteri at this lagoon occurs at the eastern end of

the lagoon in an area that receives little to no di-

rect tidal flow, although some subsurface tidal in-

flow may occur.

Mean annual temperature and rainfall data and

data for the number of days the lagoon mouths
were open for the study period (1996-1999) are

provided in Table 1. Rainfall was 53 to 73 percent

of average during October-April in 1996, 1997,

and 1999 and 178 percent of average during those

months in 1998. Annual mean daily temperature

showed less variation (87 to 103 percent of average

between 1996-1999).

Methods

Annual Monitoring

Demography. In general, demographic informa-

tion was collected in 1996, 1997, 1998, and 1999
at San Dieguito Lagoon and in 1997, 1998, and
1999 at San Elijo Lagoon. To assess demography,
14 plants within each of 10 sampling locations (0.5

X 0.5 m plots) were haphazardly chosen and
marked in late January or early February of each
monitoring year, when the plants were 1 to 2 cm
tall seedlings. The sampling locations were chosen
as representative of the microhabitat diversity and
environmental heterogeneity present with the pop-
ulations' existing range at each marsh. Mortality

and phenology were assessed on a monthly or twice

monthly basis for three months: February, March,
and April. Mortality was assessed as the number of
marked plants that died between marking and mid-
April. Phenology was broken into three basic

stages: vegetative, in bud, and flowering. In addi-

tion, plants were examined for signs of potential

herbivory. In mid-April, when most plants had al-

ready set seed, a minimum of 10 plants and a max-
imum of 14 plants were harvested from each sam-
pling location to determine aboveground plant

height (cm), number of capitulescences (inflores-

cences), capitulescence diameter (the diameter of

the receptacle in mmexcluding ray flowers), num-
ber of flowers (total of disc and ray flowers), num-
ber of seeds, and seed set (number of seeds/number

of flowers). Seeds were also examined for signs of

granivory or seed predation.

There were some exceptions to the described de-

mographic monitoring. Mortality was not assessed

during the following marsh/years —San Dieguito

Lagoon 1996 and 1999 and San Elijo Lagoon
1999 —but plants were harvested in mid- April for

measurement of plant height, capitulescence num-
ber and diameter, flower and seed number, and seed

set. Efforts were made to assess survivorship at San

Dieguito Lagoon and San Elijo Lagoon in 1998, but

a sedimentation event associated with higher-than-

average water levels in the study area at San Elijo

Lagoon caused marking materials (colored rubber-

bands) to be obscured. The 1998 data for San Die-

guito Lagoon was incomplete, as information on

mortality was not collected in April.

Biotic variables. Density of L. glabrata subsp.

coulteri was assessed biweekly in 1997 using a 0.5

X 0.5 mquadrat subdivided into 25 1-dm^ subquad-

rats. One of the subquadrats was randoinly chosen,

and the number of L. glabrata subsp. coulteri in-

dividuals present within the subquadrat was count-

ed. Also, vegetative cover within the sampling plot

was assessed one time per inonitoring year using

the 36 cross points of the subdivided 0. 5 X 0.5 in

quadrat and recording the species or bareground oc-

curring below the cross point. For analysis purpos-

es, percent cover was calculated for L. glabrata

subsp. coulteri, total vegetation cover, and cover of

non-native species. Total vegetation cover included

both native and non-native species. Native species

were primarily coastal salt marsh inhabitants such

as Salicornia virginica L. (pickleweed), Salicornia

subterminalis Parish (glasswort), Frankenia salina

(Molina) I. M. Johnston (alkali heath), Cressa trux-

illensis Kunth (alkali weed), and Spergularia ma-
rina (L.) Grisels. (sand-spurrey). Non-native spe-
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cies included Cotula coronopifolia L. (brass-but-

tons), Mesembryanthemum crystallinum L. (crys-

talline iceplant), Lolium multiflorum Lam. (Italian

ryegrass), Parapholis incurva (L.) C. E. Hubb.

(sickle grass), Polypogon monspeliensis (L.) Desf.

(annual beard grass), and Poa annua L. (annual

bluegrass).

Abiotic variables. A total of 1 1 abiotic variables

was assessed during each monitoring year, except

1999. The abiotic variables were soil pH, soil sa-

linity, soil moisture, organic matter, ammonium, ni-

trates + nitrites, phosphorous, cation exchange ca-

pacity (CEC), calcium, magnesium, and potassium.

Soil texture was assessed at both marshes in 1997.

As this species grows in high marsh areas, which

are only infrequently inundated, reduction-oxida-

tion potential was not measured. Soil pH, soil sa-

linity, and soil moisture was measured twice a

month (1997) to monthly (1998) from 15-cm-deep

soil core samples at all 10 sampling locations. Soil

pH was measured by creating soil pastes in the field

and measuring with an Oakton phTestr 3 (±0.01

pH resolution) field pH probe. Soil salinity was
measured by expressing soil water from a syringe

fitted with filter paper onto a refractometer, which

reports salinities in grams per kilogram. Soil mois-

ture was measured by removing 10- to 15-cm soil

cores and assessing loss of mass on drying (Gard-

ner 1986). For nutrient analysis, five of the 10 sam-

pling locations at each marsh were randomly se-

lected for subsampling twice each monitoring year

(mid-February and mid-March). At these subsam-

pling locations, approximately 100 g of soil was
removed, air dried, and sent to A&L Western Ag-
ricultural Laboratories (Modesto, California) for

measurement of organic matter, ammonium, ni-

trates + nitrites, phosphorous, cation exchange ca-

pacity, calcium, magnesium, and potassium. In

1997, the laboratory also analyzed soil texture. The
procedures described above were performed for

both marshes during the years monitoring was per-

formed, with the exception of San Dieguito Lagoon
in 1996 and 1999 and San Elijo Lagoon in 1999.

Soil salinity was not measured at San Dieguito La-

goon in 1996, and pH, soil moisture, organic mat-

ter, and other nutrients were only analyzed once

during the 1996 monitoring year. Data for variables

sampled more than once per season were averaged

for analysis.

Data analysis. Differences in plant population

dynamics between marshes and sampling years

were assessed by treating each "marsh/year" sam-

pled independently and conducting a One-Way
Analysis of Variance using the Systat computing

package (SPSS, Chicago, IL). For the density com-
parison, a t-test was conducted to test for differ-

ences in plant density between marshes. When as-

sumptions for parametric tests were not met, data

were either transformed, or an equivalent, non-

parametric procedure (e.g., Kruskal-Wallis) was

conducted. If a significant difference was found,

differences between particular means were ana-!

lyzed further by using either Tukey, T'-method (So-i

kal and Rohlf 1981), or non-parametric Tukey-typel

(Zar 1984) multiple comparison procedures. The!

dependent variable plant height was log-trans-

j

formed for analysis.

Discriminant function analysis was used to ex-

plore the association between plant population dy-

namics and 13 biotic and abiotic factors within

marshes. Quadratic discriminant function analyses

were performed, because they are less sensitive to

dissimilarities in covariance matrices between
groups. Groupings used in analyses were based on!

results from the Analysis of Variance tests, with'

generally low yield plots separated from high yield

plots. The analyses incorporated data from 1996-

1998: no biotic and abiotic data were collected in

1999. As salinity data were not available for Sani

Dieguito in 1996, a preliminary analysis was per-!

formed using models that incorporated the salinity,

variable, but not the San Dieguito 1996 data. If sa-

linity did not have a strong loading on any canon-,

ical variable, a second or final analysis was per-;

formed using models that incorporate San Dieguito

1996 data, but not the salinity variable. For the re-

productive success analyses in which groups were:

smaller, fewer than 13 variables were incorporated,

using F-to-enter from the preliminary analyses as!

the criterion. Discriminant function analyses were

conducted using the Systat computing package. Thej

following variables were log transformed for anal-'

ysis: ammonium, nitrate + nitrite, calcium, and cat-

ion exchange capacity.

Results

Comparison of plant yield between marshes. One
of the intents of our study was to compare attributes

of a small, and perhaps unstable, population with

those of a large and stable one. A component of

this study involved assessment of demographic

variables associated with survivorship and yield to

determine the degree to which these populations ac-

tually differ other than in estimated population size.

As shown in Figure 2, there were statistically sig-

nificant differences between marsh/years for mean
survivorship (per 0.25 m- plot; ANOVA, F = 8.67,

n = 30, P = 0.001), mean plant height (ANOVA,
F = 56.8, n = 69, P < 0.001), mean capitulescence

number (Kruskal-Wallis, Test Stat. = 46.3, n = 69,

P < 0.001), mean capitulescence diameter (ANO-
VA, F = 19.6, n = 69, P < 0.001), mean flower

number (Kruskal-WaUis, Test Stat. = 28.5, n = 49,

P < 0.001), mean number of seeds produced (seed

number) (Kruskal-WaUis, Test Stat. = 54.3, n = 69,

P = 0.001), and mean seed set (mean number of

seeds/mean number of flowers) (ANOVA, F =

25.1, n = 49, P < 0.001). The mean percent cover;

of L. glabrata subsp. coulteri within 0.25m2 sam-

pling plots also differed between marsh/years
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(Kruskal-Wallis, Test Stat. = 26.12, n = 49, P <
0.001). Measurements of these variables were not

assessed for all marsh/years. Specifically, survivor-

ship data were only available for three marsh/years,

and survivorship for San Dieguito Lagoon 1998

was assessed only through bud stage. Data for

mean flower number, mean seed set, and cover of

L. glabrata subsp. coulteh were only available for

five marsh/years.

Closer examination of the results and multiple

comparison tests reveals some interesting trends.

Survivorship through the vegetative stage was low-

er at San Dieguito Lagoon 1997 than at San Elijo

Lagoon 1997 and San Dieguito Lagoon 1998 (Fig.

2). However, despite these statistical differences,

seedling survivorship at both marshes remained

generally high (>70 percent). Based on biweekly

censuses for marked individuals, most mortality oc-

curred just prior to or after reproduction. In 1997,

total survivorship at reproductive maturity (flow-

ering stage) was 72 percent for San Dieguito La-

goon and 95 percent for San Elijo Lagoon. As the

San Dieguito Lagoon population matured more
quickly than San Elijo Lagoon, it is probable that

some of the mortality occurred after reproduction

and therefore actually constituted senescence. The
results suggest that, at least in 1997, the populations

were following the Deevey Type I survivorship

curve characteristic of stable populations (Pavlik

1994), in that the mortality inflection point fol-

lowed onset of seed production. Furthermore, as the

data for San Dieguito 1997 was recorded during a

below-average rainfall year, low mortality cannot

necessarily be ascribed to above-average environ-

mental conditions.

Means for plant height, capitulescence diameter

and number, and flower number also showed some
interesting relationships. Means were not only gen-

erally lower at San Dieguito Lagoon than at San
Elijo Lagoon, but remarkably similar between years

within the respective marshes. There was one ex-

ception. In 1998, yield of the San Dieguito Lagoon
plants was actually closer to that of the 1997, 1998,

and 1999 San Elijo Lagoon plants. Means for plant

height and capitulescence diameter suggested that

San Dieguito Lagoon 1999 might be intermediate

between low and high yield marsh/years, but those

for capitulescence and flower number were equiv-

alent to means in low yield years.

Results for seed set and seed number were some-
what more complex. Plants at San Dieguito Lagoon
set less seed in 1997 than in 1996, and seed set

(number of seeds/number of flowers) was lower in

both of these marsh/years than in San Dieguito La-

goon 1999 and San Elijo Lagoon 1997 and 1999.

For the total number of seeds produced, however,

the 1996 San Dieguito Lagoon marsh/year was the

least productive. The distinction between the re-

maining marsh/years was less clearcut, but in terms

of seed productivity, the ranking appeared to be,

from lowest to highest, as follows: San Dieguito

Lagoon 1997 and San Elijo Lagoon 1998; San Die-
j

guito Lagoon 1999; San Elijo Lagoon 1999; San I

Elijo Lagoon 1997; and San Dieguito Lagoon 1998.
[

Unlike the 1997 survivorship data, these results i

suggest that the San Dieguito Lagoon population
|

might be less stable than that of the larger San Elijo !

Lagoon one. Based on non-integrated demographic
trend analysis, seed production per individual of

stable populations should consistently equal or ex-

ceed that of a common congener or more stable

population (Pavlik 1994). With the exception of i

1998, seed production of the San Dieguito Lagoon i

plants was typically lower than those at San Elijo

Lagoon. The large differences observed in annual
'

population size may have only exacerbated this dis-

parity in seed production between populations.

Plant yield and influence of biotic and abiotic

factors. The dissimilar patterns in sample means
observed for mean seed number and seed set and
the other plant variables may relate to an underly-

ing difference in how biotic and abiotic factors af-

fect various stages or aspects of plant development.

Based on these patterns, we decided to analyze our

results by dividing our results into two grouping
;

structures —reproductive potential and reproductive

success. Reproductive potential measures the po-

tential of the plant to be more reproductively suc-

cessful through survivorship to reproduction (mor-

tality), being larger (mean plant height), and pro-

ducing more capitulescences (mean capitulescence

number) and more flowers (mean capitulescence di-

ameter and mean flower number). All of these vari-

ables relate to an individual's ability to outcompete

another in terms of attracting pollinators or utilizing

limited resources (e.g., water, nitrogen, etc.). Re-

productive success measures the actual success of

an individual in reproducing, as determined by seed

number and seed set (percentage of flowers pro-

ducing seed).

For dependent variables such as plant height,

capitulescence diameter and number, and flower

number, marsh/years generally split into two groups

based on yield, with San Dieguito Lagoon 1996,

1997, and 1999 in a low yield group (Reproductive

Potential 1/RPl) and San Dieguito Lagoon 1998

and San Elijo Lagoon 1997, 1998, and 1999 in a

high yield group (Reproductive Potential 2). For the

dependent variables seed number and seed set,

groupings were less distinct, but marsh/years were

separated into three groups, with San Dieguito La-

goon 1996 in a low yield group (Reproductive Suc-

cess 1/RSl), San Dieguito Lagoon 1997 and San

Elijo Lagoon 1998 in an intermediate yield group

(Reproductive Success 2/RS2), and San Elijo La-

goon 1997 and 1999 and San Dieguito Lagoon
1998 and 1999 in a high yield group (Reproductive i

Success 3/RS3).
|

Reproductive potential of a germinated seedling

is typically affected by herbivory, environmental

factors, and intra- and inter-specific competition.
|



2000] PARSONSANDWHELCHEL:CLIMATIC VARIABILITY ANDRAREPLANT 181

Herbivory can negatively affect individuals through

consumption of either vegetative tissue or flowers,

which may weaken or kill the plant. Through the

three years of study, no herbivory of vegetative tis-

sue or flowers was observed at either marsh. The
effect of intra- and inter-specific competition is not

as directly observable and can be more complicat-

ed. At high intra- or inter-specific densities, seed-

lings can compete for resources or light or become
more attractive to herbivores. At later stages, how-
ever, high densities of synchronously flowering in-

dividuals, including non-native neighbors such as

Cotula coronopifolia, may also serve to attract pol-

linators and thereby enhance reproductive success.

Some estimates of L. glabrata subsp. coulteri

density were collected in 1997, and densities

ranged from three individuals (San Elijo Lagoon)

to 140 individuals (San Dieguito Lagoon) per dm-.

Overall, the 1997 sampling plots at San Dieguito

Lagoon had higher densities per dm- (71.6 ± SE
13.5) than those at San Elijo Lagoon (28.4 ± SE
7.2) (Mest, t = 2.83, n = 20, P = 0.011). Densities

of other species were not estimated, but cover of

other native species ranged from 0 to 75 percent,

and cover of non-native species ranged from 0 to

50 percent. Extremely low total mortality rates for

vegetative and flowering individuals at both marsh-

es in 1997 (—72 to 95 percent) suggests that either

abundance of L. glabrata subsp. coulteri or other

species was not high enough, or resources not lim-

ited enough, to have induced either intra- and inter-

specific competition at the seedling or vegetative

stage during this year. While above-average rainfall

may have increased seedling densities at San Die-

guito Lagoon in 1998, the fact that 89 percent of

the plants reached at least bud stage suggests that

densities were not high enough to incur density-

dependent mortality.

Reproductive success is affected by all the same
factors as reproductive potential, but other factors

can limit reproduction, as well, specifically grani-

vory (herbivory of unfertilized ovules or seed) and,

for non-vegetative species such as L. glabrata

subsp. coulteri, pollination success. Based on sta-

tistical analyses, reproductive success was highest

for the RS3 group (San Elijo Lagoon 1997 and
1999 and San Dieguito Lagoon 1998 and 1999) and
lowest in the RSI group (San Dieguito Lagoon
1996). The fact that marsh/years with technically

equivalent reproductive potential (San Dieguito La-

goon 1996 and 1998) should have differing rates of

reproductive success suggests that a different factor

or suite of factors may be affecting seed number
and seed set.

As noted earlier, no consumption of entire flowers

was observed during the three years of study, and
low mortality rates indicate that most individuals

survived to flowering and seed set. It is possible that

competition among individuals for resources in-

creased during the flowering stage, as ambient tem-
peratures and rates of evaporation and evapotrans-

piration typically climb during the warm spring

months. Flowering often coincides with a neap tide

series, a period of extremely low tides that often

decrease soil moisture and increase evaporation rates

and soil salinity in higher marsh elevations.

Some granivory was actually observed in seeds

of San Dieguito Lagoon individuals in 1998. The
extent of granivory was not quantified, but in gen-

eral, the number of individuals and/or number of

seeds per individual that appeared to have been af-

fected was relatively low. While viability of the

damaged seeds was not tested, the damage ap-

peared extensive enough to render the seeds invi-

able. Granivory, or pre-dispersal predation, was not

observed in the other study years at this marsh, nor

was it observed in seeds of plants from San Elijo

Lagoon. The presence of organisms that would re-

move seeds after dispersal, including ground-dwell-

ing insects such as ants, was sporadic, and even

when present, abundance was low. Ground-dwell-

ing organisms observed within L. glabrata subsp.

coulteri patches included ants (Formicidae), thrips

(Thysanoptera), and rove (Staphylinidae) and other

beetles {Bembidion sp. and Dermestidae) (Wesley

Maffei personal communication). With the excep-

tion of ants, these invertebrates are considered un-

likely post-dispersal seed predators. None of these

organisms, including the ants, were observed re-

moving fallen seeds, nor were birds observed for-

aging in these areas.

Pollination was not included within the scope of

our study, but many insects were observed visiting

flowers during our sampling efforts. The primary

insect visitors appeared to be solitary bees {An-

drena pallidofovea and A. cercocarpi), beetles

(Dermestidae, Geocoris sp.), beeflies (Bombyli-

idae), flies {Bufolucilia sp. and Nemotelus sp.), but-

terflies {Coenonympha californica), and halictine or

''sweat" bees {Lasioglossum sp.) (W. Maffei per-

sonal communication; Robbin Thorp personal com-
munication). Several of these visitors have the po-

tential to effect pollination either through collecting

pollen (e.g., Andrenidae or halictine bees) or for-

aging on pollen or other flower parts (e.g., Der-

mestidae). Overall, visitor numbers and species di-

versity appeared to be lower at San Dieguito La-

goon than at San Elijo Lagoon, although no formal

pollinator observations were conducted.

Based on these observations, we hypothesize that

resources such as nutrients and perhaps even pollen

may be the primary determinants or reproductive

potential and success.

Discriminant function analysis. To explore fur-

ther the association between biotic and abiotic fac-

tors and the groupings of marsh/years suggested by

results of multiple comparison testing, discriminant

function analyses were performed. The question

posed by these analyses was two-fold. Using the

groups suggested by multiple comparison testing,

was there some combination of biotic and abiotic
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Table 2. Results of the Discriminant Function Analyses for the Reproductive Potential and Success Models.

Reproductive Potential Model
Canonical Variable: 0.002*pH - 0. 193*organicmatter - 1 .330*soilmoisture + 1.092*phosphorous -

0.005*potassium — 0.189*magnesium — 0.443 *totalplantcover — 0.406*ammonium_log — 0.1 13*nitrates

trites-log + 0.326*non-nativeplantcover - 0.487*calcium_log - 0.699*CEC_log

Classification results:

Actual groups

Results-Cases (%) Jackknifed Results-Cases (%)

RPl RP2 RPl RP2

RPl
RP2
Total %Correct

16(100)

0

0

15(100)

100

15(94)

0
1(6)

15(100)

97

Reproductive Success Model
Canonical Variable 1: 0.386*pH - 1.235*soilmoisture - 0.651*organicmatter + 0.937*phosphorous - 0.438*potas-

sium + 0. 106*magnesium + 0.422*totalplantcover + 0.756*ammonium_log + 1 .406*nitrates + nitritesJog

Canonical Variable 2: 0.482*pH + 0.771*soilmoisture + 0.258*organicmatter — 1.265*phosphorous + 0.421*potas-

sium + 0.786*magnesium + 0.253*totalplantcover + 0.754*ammoniumJog + 0.497*nitrates + nitritesJog

Classification results:

Actual groups

Results —Cases (%) Jackknifed Results —Cases (%)

RSI (%) RS2 (%) RS3 (%) RSI (%) RS2 (%) RS3 (%)

RSI
RS2
RS3
Total %Correct

Variables measured

10(100)

0

0

0

11(100)

0

0

0

10(100)

100

10(100)

0

0

0

11(100)

0

Group Means for Models
Reproductive Potential Reproductive Success

RPl RP2 RSI RS2

0

0

10(100)

100

RS3

pH 7.59 7.83 7.43 7.78 7.90

%Soil moisture 29.6 40.3 25.9 37.2 41

%Organic matter 2.62 3.65 1.84 3.39 4.11

Phosphorous (ppm) 46.1 52.7 39.90 53.41 54.05

Potassium (ppm) 414.6 346.6 425.60 347.86 375.10

Magnesium (ppm) 1036.6 1104.2 1024.60 1030.82 1156.35

%Total plant cover 76.3 64 89.8 65.9 55.7

Log-Ammonium (ppm) 1.15 1.11 1.09 1.09 1.22

Log-Nitrates + Nitrites (ppm) 1.38 1.06 1.68 0.96 1.06

%Non-native plant cover 27 8.5 25.0NI 19.2NI 9.9NI

Log-Calcium (ppm) 3.42 3.76 3.35NI 3.65NI 3.75NI

Log-CEC (meq/lOOg) 1.75 2.26 1.83NI 2.12NI 2.04NI

Soil salinity (ppt) 58.7NI 33. INI NA 38.6NI 42.4NI

NA-Not available; NLNot included in models (see Methods and/or Results for explanation.)

variables that would allow us to discriminate be-

tween these groups? And, if so, what combination

of variables would allow us to best predict the

group to which the sampling location belonged?

Two models were used. One model separated sam-
pling locations into two groups (RPl, RP2) based

on differences in sample means for reproductive

potential variables, and another separated sampling

locations into three groups (RSI, RS2, and RS3)
based on differences in sample means for repro-

ductive success variables. The groupings were es-

sentially the same as described previously, except

for the absence of San Dieguito Lagoon and San
Elijo Lagoon 1999: no biotic and abiotic data were
collected in 1999. The 13 biotic and abiotic vari-

ables used in the models were: pH, salinity, soil

moisture, organic matter, ammonium, nitrates + ni-

trites, phosphorous, potassium, magnesium, calci-

um, cation exchange capacity, total vegetation cov-

er, and non-native plant species cover. While soil

salinity appeared to be higher for RPl than RP2
(Table 2), it did not have a strong loading in pre-

liminary analyses for either model or correlation

with other variables and was therefore not incor-

porated into final analyses.

According to the reproductive potential analysis,

the biotic and abiotic variables used discriminated

well between the groups suggested by multiple

comparison results (F = 8.34, n = 31, P < 0.0001).

Canonical scores of group means were 2.21 for

RPl and -2.36 for RP2. The canonical discrimi-

nant function accounted for approximately 100 per-

cent of the total dispersion in the data. Based on

the standardized functions, most of the group sep-

aration came from soil moisture, phosphorous, cal-

cium, and cation exchange capacity. The canonical

variable and a list of group means is provided in

Table 2. Using the canonical variable, the model
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Fig. 3. Canonical scores plot for the reproductive success model of the discriminant function analysis. Soil moisture

and nitrate + nitrite concentrations appeared to provide most of the separation between RSI and RS2/RS3. Abiotic

factors were also able to separate RS2 and RS3, although the separation appeared weaker.

was able to correctly predict or classify sampling

locations 100 percent of the time (jackknifed clas-

sification matrix = 97 percent).

The reproductive success analysis was also suc-

cessful at using nine of the biotic and abiotic vari-

ables to discriminate between the three groups sug-

gested by multiple comparison results (F = 18.04,

n = 31, P < 0.0001; Fig. 3). Canonical scores of

group means were (8.09, 0.03) for RSI, (-3.72,

-1.29) for RS2, and (-4.00, 1.38) for RS3. The
canonical discriminant function, which has two
variables, accounted for 100 percent of the total

dispersion in the data. The first canonical variable

accounted for approximately 96 percent of the data

dispersion. The canonical variables and a list of

group means are provided in Table 2. As Figure 3

illustrates, most of the group separation comes from
the first canonical variable, which appears to split

RSI (San Dieguito 1996) from the other marsh/
years. The first canonical variable had strong load-

ings for nitrates + nitrites, soil moisture, phospho-
rous, ammonium, and organic matter. The second
canonical variable involved separation of RS2 from
RS3, although the degree of separation relative to

RSI appeared weaker. At least three of the sam-
pling locations from RS2 appeared to associate

more strongly with RS3, while one of the RS3 lo-

cations was grouped with RS2 (Fig. 3). The second
canonical variable had strong loadings for phos-
phorous, magnesium, soil moisture, ammonium,
and nitrates + nitrites. Using the canonical vari-

ables, the model was able to correctly classify sam-
pling locations 100 percent of the time (jackknifed

classification matrix = 100 percent).

The strong separation of marsh/year groups ef-

fected by soil moisture, phosphorous, cation ex-

change capacity, and calcium supports the premise

that resources are the primary limiting factors of

reproductive potential. Standardized canonical co-

efficients and group means for soil moisture, cation

exchange capacity, and calcium concentrations

point to a positive, perhaps even linear, relationship

between resource factor and plant variable (Table

2—canonical variable).

The relationship between phosphorous concen-

trations and L. glabrata subsp. coulteri yield ap-

pears somewhat more complicated than that for soil

moisture, cation exchange capacity, and calcium

concentrations. Standardized coefficients suggest

that elevated phosphorous concentrations may ac-

tually drive the canonical score toward RPl, which
had a low yield. In contrast, group means show
highest phosphorous concentrations in marsh/years

with the highest reproductive potential. This dis-

parity between group means and standardized co-

efficients for phosphorous also occurred in the re-

productive success model.

As shown in Figure 3, resources also appear to

play a role, if perhaps a more limited one, in re-

productive success. As hypothesized earlier, the

suite of factors influencing vegetative yield ap-

peared to be slightly different from that affecting

seed production, which may account for the differ-

ence in reproductive success observed between

marsh/years with similarly sized individuals (San

Dieguito Lagoon 1996 and San Dieguito Lagoon
1997). While soil moisture and phosphorous con-

centrations featured prominently in both analyses.
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nitrogen concentrations (ammonium and nitrates +
nitrites) appeared to have a larger effect on repro-

ductive success than on reproductive potential. As
was the case with phosphorous, standardized coef-

ficients for nitrates + nitrites and ammonium sug-

gest that elevated concentrations of inorganic nitro-

gen may actually drive canonical scores toward

RSI and a reduced reproductive yield, although

group means for ammonium were marginally high-

er in RS3 than in either RSI or RS2. Based on

standardized coefficients and group means, only or-

ganic nitrogen sources such as organic matter ap-

peared to contribute directly to enhanced seed pro-

duction.

The evidence for resource limitation of seed pro-

duction is somewhat weaker for the RS2 and RS3
groups. The reproductive success analysis did pro-

vide at least enough separation between RS2 and

RS3 using canonical variable 2 to enable successful

group differentiation and prediction. As with ca-

nonical variable 1 (Table 2), standardized coeffi-

cients for phosphorous in canonical variable 2

again appear to drive canonical scoring toward re-

duced yield, despite the fact that phosphorous con-

centrations were slightly higher in the group pro-

ducing the most seeds (RS3). However, in contrast

to canonical variable 1, inorganic nitrogen, along

with soil moisture and magnesium, appeared to

play a positive role in influencing reproductive

yield. While the biotic and abiotic factors included

in the analysis do enable successful separation be-

tween RS2 and RS3, the slight to moderate overlap

between groups displayed graphically in Figure 3

suggest that, at some resource level, the number of

seeds produced may be driven by other factors not

included in this analysis, the most probable of

which is pollen supply.

Discussion

Soil moisture would seem an unlikely constraint

in a salt marsh, but the high marsh represents a

distinct ecotone in an aquatic environment. In gen-

eral, high marsh species must contend with a com-
plex series of hydrologic cycles: days or even

weeks of flooding in the winter may be followed

by months where the high marsh or marsh periph-

ery is only inundated or saturated from subsurface

flow during the highest high tides. The hydrologic

complexity is compounded in managed lagoons,

where the lagoon may be flooded deliberately to

attract waterfowl or the tidal inlet may remain

closed for most of the year even after winter storms

elevate internal water levels. In several instances,

water or moisture stress has been singled out as a

primary factor limiting growth of species in the up-

per marsh zones (Boorman 1971; De Leeuw et al.

1990). Conversely, too much water or waterlogging

can negatively affect species adapted to the typi-

cally well-drained soils of the high marsh or marsh
periphery (Phleger 1971; Nestler 1977; Parrondo et

al. 1978; Cooper 1982; Seliskar 1985; Adams and I

Bate 1994).
|

Waterlogging may account for the anomalous re-

1

suits recorded in 1998, when survival (L. Parsons

personal observation) and reproductive yield of the

San Elijo Lagoon population plummeted and was
significantly less than that of San Dieguito Lagoon.
Nineteen ninety-eight was the one year during our

study when rainfall was above average (178 percent

of average during the months October- April; Table

1) . During that year, back-up of run-off and creek

flows kept water levels within the eastern area of

the lagoon substantially elevated for weeks. In gen-

eral, reproductive yield of this population was ac-

tually highest in the two years where rainfall was
slightly below average —1997 (73 percent of aver-

age) and 1999 (67 percent of average). In below-

average years, the current hydrologic management
regime, in which the sluice gates are closed for wa-
terfowl enhancement and outflow is provided
through dips in a dike system, may actually en-

hance the population by artificially maintaining sat-

urated soil conditions within the eastern portion of

the lagoon. Conversely, the response of the San
Dieguito Lagoon population to rainfall is more con-

sistent with plants being limited by lack of water.

Above-average rainfall during 1998 was directly

associated with dramatic increases in vegetative

and reproductive yield. The positive association be-

tween rainfall and yield, combined with the strong

evidence of resource limitation in discriminant

function analyses, suggests that, at San Dieguito

Lagoon, rainfall both directly and indirectly boosts

input and cycling of resources such as water and
nutrients.

The importance of nutrient limitation in coastal

salt marsh plant communities has been well docu-

mented (Tyler 1967; Pomeroy et al. 1969; Valiela

and Teal 1974; DeLaune et al. 1979; Smart 1982;

Long and Mason 1983; Mitsch and Gosselink 1986;

Covin and Zedler 1988; Langis et al. 1991; Parsons

and Zedler 1997; Boyer and Zedler 1988 and

1999). Our results generally show that higher yields

are linked to higher nutrient concentrations. The
seemingly negative relationship between phospho-

rous and inorganic nitrogen concentrations and

plant yield observed in analyses could have resulted

from some indirect effect of nutrient influx, such as

greater competition with more abundant species for

light, moisture, or nutrients (BoUens et al. 1998).

However, neither total plant cover or cover of non-

native species factored strongly into the discrimi-

nant function analyses. Based on group means

showing elevated levels of phosphorous and, to

some extent, ammonium in high yield plots (Table

2) , it is more probable that these nutrients must in-

teract with other resource variables in such a way
that yield is maximized in areas with moderate con-

centrations of phosphorous and inorganic nitrogen.

If such an interaction exists, our analyses were not

sensitive enough to detect it, as no strong correla-
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tion was evident between biotic and abiotic depen-

dent or predictor variables (correlation <71 per-

cent).

In general, plasticity in growth or reproduction

in relation to rainfall and changes in soil moisture

and nutrient input should be expected in annual

plant species within Mediterranean climates, even

in aquatic systems such as salt marshes. These op-

portunistic life forms must rely almost entirely on

nature's largesse to propagate, survive, and succeed

as they have none of the mechanisms (e.g., deep

taproots, strongly developed mycorrhizal associa-

tions, waxy cuticle layer on leaves, etc.) that enable

perennial plants to cope with drought and other cli-

matic challenges. Several studies on salt marsh an-

nuals, including an occurrence of L. glabrata subsp.

coulteri at Carpinteria Marsh near Santa Barbara,

California, have linked above average rainfall to

increases in relative abundance (Allison 1992; Par-

sons and Zedler 1997) and density, distribution, and

biomass (Callaway and Sabraw 1994). Terrestrial

species are also strongly influenced by soil moisture

(Reynolds et al. 1997; Center for Conservation Bi-

ology 1994), with yield for grassland members of

Lasthenia such as L. californica optimized both

during wet years and when growing in wet micro-

sites (Hobbs and Mooney 1991, 1995). For peren-

nial species, the effect of below average rainfall

may be more subtle than for annuals, though no less

significant, resulting in substantial reductions in

seed set (Morgan 1999) and ultimately recruitment

and population growth rates (Maschinski et al.

1997).

Plasticity in reproduction can be exacerbated by
inter-annual variability in other types of "re-

sources" such as pollen. While no information ex-

ists on the mating system of southern California

coastal populations, in general, L. glabrata subsp.

coulteri has been categorized as one of the 14 of

17 Lasthenia species that is self-incompatible (Orn-

duff 1966). Several species of insects such as bees,

beeflies, flies, and beetles were observed visiting

flowers, although what role these species have in

effecting pollination of L. glabrata subsp. coulteri

is unknown. Based on the species' presumed status

as an entomophilous outcrosser, reproductive yield

must depend to some degree on pollination success.

As with their host species, pollinators, some of

which are believed to nest in marshes or adjacent

upland areas, can be affected by climatic variations

and watershed disturbances, including flooding

(Stephen et al. 1969).

Given the myriad of ecological interactions in-

volved, it is not surprising that the factors govern-
ing reproductive potential and success of L. glabra-
ta subsp. coulteri may prove complex both in terms
of time and scale. A number of recent studies have
supported the potential for spatial or temporal het-

erogeneity in resource and pollen limitations

(McCall and Primack 1987; Zimmerman and Aide
1989; Campbell and Halama 1993; Lawrence 1993;

Parsons 1994; Parsons and Zedler 1997). Our study

supports not only inter-annual heterogeneity in re-

source limitations, but possibly intra-annual hetero-

geneity, as well. For example, while reproductive

potential and rainfall totals between October-
March were similar for the 1996 and 1999 San Die-

guito Lagoon populations, seed set was higher in

1999 than in 1996. A series of storms in early April

1999 may have eased resource constraints during

the seed set period, allowing the sparse population

of small plants to produce comparatively larger

numbers of seed. In general, however, the complex
hydrology of urbanized watersheds with dams,
year-round urban run-off, and mouth closures

would seemingly argue against a tight linkage be-

tween rainfall patterns and resource inputs and cy-

cling.

Conclusions

As we originally surmised, the L. glabrata subsp.

coulteri population at San Dieguito Lagoon is not

only smaller than the one at San Elijo Lagoon, but,

based on trends in seed production, less stable, as

well. For the most part, plants at San Dieguito La-

goon were smaller and produced less flowers and

capitulescences and seed than those at San Elijo

Lagoon. However, the nature of this relationship

appears to be temporally variable and highly de-

pendent on climatic conditions such as rainfall to-

tals and distribution. In a year with above-average

rainfall, yield of the San Dieguito Lagoon popula-

tion was similar to and, in some ways, greater than

that of the more stable one at San Elijo Lagoon. As
rainfall is often linked directly and indirectly to in-

puts and cycling of resources such as water and

nutrients, the strong association found between re-

sources and reproductive potential and, to some ex-

tent, reproductive success is certainly not surpris-

ing, although the relationship was not always either

simple or linear. Too much water actually appeared

to decrease survival and reproductive yield of the

1998 San Elijo Lagoon population by inducing

"waterlogging." In addition, some nutrients such

as inorganic nitrogen and phosphorous may require

higher levels of other resources such as soil mois-

ture before exerting a positive effect on growth or

reproduction of L. glabrata subsp. coulteri. When
resources are sufficient, seed production appears to

be limited by other "resources," the most probable

of which is pollen supply.

The importance of the relationship between cli-

matic conditions and population productivity as-

sumes a deeper significance when considering the

long-term viability of the small San Dieguito La-

goon population. Obviously, less seed will be pro-

duced in years when few plants are present or plant

vigor is reduced. Still, even when the San Dieguito

Lagoon population was relatively large and pro-

duced more seed per plant than the San Elijo La-

goon one, productivity of the San Dieguito Lagoon
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population as a whole was still comparatively low-

er, because of the difference between marshes in

population size. To some extent, the impact of con-

sistently producing small numbers of seed could be

offset if seed banks are long-lived and/or seed vi-

ability and germination rates are high. No research

has been specifically conducted on seed bank lon-

gevity of L. glabrata subsp. coulteri, but studies on

various Lasthenia species have documented long-

lived seed banks (10 y; Vivrette 1999) and high

germination rates in the field (25 to 69 percent;

Thorp 1976) and laboratory (34 to 90 percent;

Kingsbury et al. 1976; Callaway et al. 1990; Ra-

jakaruna and Bohm 1999; Michael Wall personal

communication, March 1999; Doug Gibson unpub-

lished data). However, there are indications that

germination or emergence from the seed bank for

some Lasthenia species may be tightly regulated by

the same climatic conditions (Vivrette 1999) that

appear to negatively affect yield of L. glabrata

subsp. coulteri, at least at San Dieguito Lagoon.

Some evidence for this could be seen in the low

number of plants present at San Dieguito Lagoon
in 2000 (six plants; A. Thorpe personal communi-
cation), when rainfall during the primary germina-

tion period (October —January) totaled only 10.4

percent of average (San Diego NWS-Lindbergh;
California Department of Water Resources, Cali-

fornia Data Exchange Center). In drought years,

then, both recruitment and individual yield could

be reduced, thereby further diminishing productiv-

ity of the population as a whole.

Poor recruitment and yield in all but above-av-

erage rainfall years is of concern for populations in

a region such as southern California, where above-

average rainfall years are sporadic and often inter-

spersed between lengthy periods of drought or be-

low-average rainfall. In San Diego County, below-

average rainfall occurs 60 percent of the time, while

above-average rainfall occurs about 40 percent of

the time (Elwany et al. 1998). There are sugges-

tions that variability of this already extremely vari-

able climate may be increasing due to global warm-
ing. Chronically low numbers of plants in average

to below-average rainfall years can increase popu-

lations' susceptibility to genetic bottlenecks or ex-

tinction due to stochastic or disturbance-related

events. Long-term viability of small populations

such as San Dieguito Lagoon will probably depend

on whether the species can germinate and repro-

duce successfully under average, as well as above-

average, rainfall and climatic conditions. Future

monitoring efforts should focus on assessing repro-

ductive potential and success of this population un-

der a variety of climatic and hydrologic conditions,

as well as better defining pollinator relationships,

breeding system, survivorship, seed bank dynam-
ics, and field germination rates of L. glabrata

subsp. coulteri.

Implications for Management and Restoration

The information from this study will provide

both preserve and restoration managers with some
guidelines for future efforts to enhance or even re-

introduce L. glabrata subsp. coulteri into salt

marshes. Based on our results, L. glabrata subsp.

coulteri grows best in marshes with moist, but not

waterlogged, soils with low to moderate salinity,

high cation exchange capacity, high percentage of

organic matter, and moderate concentrations of

phosphorous, calcium, and possibly ammonium. To
ensure a high potential for project success, man-
agers interested in conducting enhancement or re-

introduction projects should carefully evaluate site

conditions and hydrologic management regimes.

While the goal of restoration and enhancement con-

tinues to revolve around creation of self-sustaining

ecosystems, the reality is that many of our wetland

ecosystems are now highly managed through tide

or sluice gates, dikes, culverts, mechanical mouth
breaching, and even deliberate floodings to attract

waterfowl. If management cannot be avoided, it can

perhaps be manipulated to provide benefits to spe-

cies other than waterfowl. Indeed, the high yield

recorded at San Elijo Lagoon in years with below-

average rainfall may result in part from artificially

elevated soil moisture conditions created by back-

up of run-off and creek flows when sluice gates are

closed during the winter.

While, as a science, restoration ecology has

moved away from a single-species management ap-

proach, there is still a strong need for single-spe-

cies-focused research. Without carefully under-

standing the biotic and abiotic relationships that

drive individual species within an ecosystem, we
might be tempted to make gross generalizations

about the habitat linkages without ever really grasp-

ing the framework of those linkages. For example,

what functions of the high marsh are particularly

important for L. glabrata subsp. coulteri, and how
do these needs complement or detract from those

of other species inhabiting this fragile ecotone, such

as Cordylanthus maritimus Benth. subsp. maritimus

or Panoquina errans (wandering skipper butterfly)?

Directed research on each of these species provides

the pieces for the larger ecosystem puzzle. It is up

to restoration and preserve managers to put the puz-

zle together in a manner that will maximize benefits

for as many species as possible, as well as the eco-

system as a whole.
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